HE temporal stem overlying the inferior limiting sulcus of the insula and the lateral superior margin of the temporal horn [3] [4] [5] 10, 11, 16, 18, 22, 38 is the white matter bridge between the anterior temporal lobe and thalamus and the brainstem and frontal lobe. Dysfunction of the temporal stem, resulting from congenital, traumatic, surgical, or degenerative disconnection of the temporal and frontal lobes, is involved in a number of cerebral disorders. This structure is also a critical landmark for the transinsular surgical trajectory to the temporal horn. A cortical incision in the inferior limiting sulcus is required for the surgical approach, but in this process the temporal stem can be injured. This injury may result in various cognitive deficits and/or visual field defects. 5, 9, 12, 18, 21, 30 The temporal stem contains several white matter tracts. The anterior limit of the temporal stem is the amygdaloid body, and the posterior limit is the lateral geniculate body. 4, 22, 40 However, it is difficult to identify these fiber tracts and landmarks on MR studies and in the surgical fields. 2, 16 In this study, after briefly reviewing the anatomy of the insula and the temporal horn, 23, 28, 31 we apply the DTT technique to define the anatomical landmarks of the white matter tracts, and we then introduce a simple, yet effective, method for locating the fiber tracts of the temporal stem on MR imaging and intraoperatively.
found to be normal. The goal of the anatomical study was to determine the morphological landmarks corresponding to the white matter tracts of the temporal stem on the DT images. Particular attention was given to the observation and measurement of the following structures: the insula, limen insulae, inferior limiting sulcus, Heschl gyrus, temporal horn, and lateral geniculate body. The anatomical structure in our study is described in accordance with standard nomenclature. The term "posteroinferior insular point" is introduced to indicate the most anterior junction of the Heschl gyrus and the inferior limiting sulcus.
Acquisition of DT MR Images and Directional Maps
Diffusion tensor imaging was performed in 10 healthy volunteers by using a 1.5-T MR imager (Signa Horizon LX, version 8.3; General Electric Medical Systems) with a single-shot, spin echoecho planar, diffusion-weighted pulse sequence (15 different motion-probing gradient directions; TR 6000 sec, TE 78 sec, b value 0 and 1000 seconds/mm 2 , matrix 128 ϫ 128, field of view 24 cm, slice thickness 5 mm [no gap], number of excitations 2). Visualization of the DTT images was performed using dTV II and VOLUME-ONE DT imaging software. We visualized the fiber tracts of the temporal stem ROIs based on anatomical knowledge and conventional MR imaging. The fractional anisotropy threshold for tracking was set at 0.18, and stop length was set at 160 steps. First, we used a simple single ROI by stepwise decreases to reconstruct the entire temporal stem. Second, we used a multiple-ROI approach to reconstruct the individual fiber tracts of the temporal stem. When multiple ROIs were used for a tract reconstruction, we used 3 types of operations: seed, target, and avoidance. The choice of operation depended on the characteristic trajectory of the tract. The convention we used for directional red-green-blue color mapping is red for left-right, green for anterior-posterior, and blue for superior-inferior.
To reconstruct tracts of the optic radiation, 35 the first ROI was placed in the occipital lobe on a reconstructed coronal image with a seed operation, and after we placed the first ROI, the fibers penetrating this region were identified. The second ROI was manually placed in the lateral geniculate body on a reconstructed sagittal image with a target operation. When we placed the second ROI, the fibers penetrating the first ROI were already shown on a reconstructed sagittal image, and thus we could see a bundle of fibers penetrating the first ROI and the lateral geniculate body.
Similarly, tractographic reconstructions of the uncinate fasciculus 29 were obtained with the seed area in the white matter of the frontal lobe on coronal images at the tip of the frontal horn of the lateral ventricle and also with the target area in the white matter on coronal planes at the tip of the temporal horn of the lateral ventricle in the ipsilateral temporal tip. Tractographic reconstructions of the inferior occipitofrontal fasciculus 29 were obtained with the same seed area as the uncinate fasciculus and with the target area in the ipsilateral sagittal stratum on coronal images at the level of the trigone. Tractographic reconstructions of the bilateral anterior commissures were obtained with the seed area in the anterior wall of the third ventricle on the median sagittal images and with the target area in the white matter of the bilateral temporal lobe on coronal planes at the level of the anterior wall of the third ventricle. Tractographic reconstructions of the unilateral anterior commissure were obtained with the same seed area as the bilateral anterior commissures and with the target area in the white matter of the unilateral temporal lobe on the sagittal images lateral to the tip of the temporal horn. In addition, we obtained reconstructions of the auditory radiation, with the seed in the medial geniculate body and with the target area in the white matter of the Heschl gyrus.
Results

Anatomical Study
The opercula covered and enclosed the insula. The anterior, superior, and inferior limiting sulci clearly demarcated the insula and distinguished it from the surrounding cortical areas. The inferior limiting sulcus was located below the long gyrus of the insula, it separated the insula from the sylvian surface of the temporal lobe, and it averaged 46.15 mm (range 42-52 mm) in length. The limen insulae (threshold to the insula) was a slightly raised, arched ridge located at the inflection point of the sylvian stem and extending from the anterior end of the long gyrus, where it fused with the temporal pole and extended further to the posterior orbital gyrus. The temporal stem was positioned above the lateral and anterior edge of the temporal horn (Fig. 1) . The shortest distances from the inferior limiting sulcus to the superior floor of the temporal horn averaged 6.5 mm (range 4-9 mm).
The Heschl gyrus, the most anterior of the transverse temporal gyri, and the adjoining part of the superior temporal gyrus served as the primary auditory receiving area. 23 They extended obliquely backward and medially toward the posterosuperior angle of the insula. We found that the proximal posterior portion of the Heschl gyrus always curved around and "hugged" the inferior aspect of the posterior long gyrus. An obtuse angle was formed at the most anterior point of intersection where the Heschl gyrus passed through the inferior limiting sulcus. This angle averaged 138°(range 130-145°) in our specimens (Fig. 1B) . On the basis of the anatomical characteristics and reference to the method of the nomenclature of Türe et al., 31 we named the curve point the "posteroinferior insular point," which is the term used to describe the most anterior intersection of the Heschl gyrus and the inferior limiting sulcus. The curved point corresponded to the lateral geniculate body. The distance from the limen insulae to the posteroinferior insular point averaged 32.95 mm (range 30-40 mm). The distance from the limen insulae to the tip of the temporal horn averaged 10.9 mm (range 9-14 mm) and was just one third of the distance from the limen insulae to the posteroinferior insular point. In fact, the presence of the posteroinferior insular point divided the inferior limiting sulcus into anterior and posterior portions, which made the shape of the insula an approximation of a quadrilateral structure rather than a triangle.
Diffusion Tensor Imaging Study of the Temporal Stem
The temporal stem was composed of the white matter connecting the anterior temporal lobe and the basal ganglia, the brainstem, and the frontal lobe. It contained several identifiable structures in close apposition. Based on our anatomical study, MR imaging findings (Fig. 2) , and the numerous published investigations, [2] [3] [4] [5] 13, 16, [22] [23] [24] [26] [27] [28] [29] [30] [31] [32] we describe the white matter tracts as follows (Fig. 3) .
The uncinate fasciculus made up the core of the anterior temporal stem, which can be divided into temporal, insular, and frontal segments 5 ( Fig. 3D ). It coursed from the temporal lobe and hooked around the stem of the sylvian fissure. It then curved upward through the anterior temporal stem into the extreme and external capsules medial to the insular cortex and fanned out into the frontal lobe to connect the orbital and inferior frontal gyri of the frontal lobe to the anterior temporal lobe. Its midportion actually adjoined the middle part of the inferior occipitofrontal fasciculus before heading inferolaterally into the anterior temporal lobe (Fig. 3C , D, J, and K).
The inferior occipitofrontal fasciculus connected the occipital and frontal lobes via the temporal lobe. It had a long, anteroposterior course in the temporal lobe below the insula. The middle portion of the inferior occipitofrontal fasciculus was bundled together with the middle portion of the uncinate fasciculus. Posteriorly, it joined the inferior longitudinal fasciculus, and portions of the optic radiations to form most of the sagittal stratum ( Fig. 3C , E, J, and K).
The optic radiation is one of the most complex fiber systems. It mingles with many kinds of white matter tracts. 32 We observed that the optic radiation passed laterally from the lateral geniculate body and coursed in the roof of the temporal horn along the temporal stem and lateral to the atrium to reach the calcarine sulcus on the medial aspect of the occipital lobe (Fig. 3C , J, and K). The optic radiations were located deeply on the inferior occipitofrontal fasciculus throughout most of its course and covered the superior and lateral wall of the temporal horn (Fig. 3J) . It was divided into 3 main bundles (Fig. 3F ). The anterior bundle passed forward in the roof of the temporal horn, turned backward forming the Meyer loop, and proceeded posteriorly along the roof and lateral surface of the temporal horn. The anterior bundle consistently reached the anterior tip of the temporal horn. At the level of the atrium of the lateral ventricle, the fibers left the sagittal stratum, crossed the floor of the ventricle, and reached the lower lip of the calcarine sulcus. The middle bundle crossed the roof of the temporal horn without a significant anterior bend. This bundle also joined the sagittal stratum and detached from it to reach the occipital pole. The posterior bundles ran straight posteriorly from the lateral geniculate body in the lateral wall of the atrium of the ventricle.
The anterior commissure interconnected the olfactory structures and anterior part of the temporal lobes on both sides. It formed a compact and ropelike structure at the midline and extended to the temporal stem, fanned out posteriorly to the uncinate fascicle, anterior and superior to the temporal horn of the lateral ventricle into the temporal gyri. The anterior commissure was shaped somewhat like the handlebars of a bicycle (Fig. 3G) . Its anterior fibers connected the olfactory structures, and its posterior fibers connected middle and inferior temporal gyri. Some fibers of the anterior commissure merged with the uncinate fasciculus at the temporal pole, but most fibers were directed posteriorly to form the sagittal stratum (Fig. 3A, C , G, H, and J).
The inferior thalamic peduncle (also known as the extracapsular thalamic peduncle) 22 connected the temporal lobe to the thalamus. Together with the ventral amygdalofugal tract and ansa lenticularis, it formed the ansa peduncularis, which curved around the medial edge of the internal capsule, inferior and parallel to the anterior commissure. Medially, its fibers reached the medial thalamic nucleus and the hypothalamus (Fig. 3H-J) .
Diffusion Tensor Imaging Study of the Auditory Radiation
Tractographic reconstructions demonstrated the auditory radiations of the Heschl gyrus through the posterior limb of the internal capsule, superior to the optic radiations and medial geniculate body (Fig. 3B , J, K, and L). The posteroinferior insular point was the anterior extremity of the intersection of the Heschl gyrus and the inferior limiting sulcus. The optic radiations coursed below the auditory radiations and were absent from the posterior part of the inferior limiting sulcus. Thus, this point can be regarded as the posterior limit of the optic radiations. The distance from the limen insulae to the posteroinferior insular point was the length of the temporal stem on the inferior limiting sulcus. In addition, the distance from the inferior limiting sulcus to the superior floor of the temporal horn can be regarded as the thickness of the temporal stem. in a number of disorders, including amnesia, 8, 9, 40 Klüver-Bucy syndrome, 10,18 traumatic brain injury, 1 temporal lobe epilepsy, 15 and Alzheimer disease. 7, 14, 29 It is also a reciprocal route for tumor, infection, and seizure spread. 16 Surgical lesions of the temporal stem may result in abnormalities of learning and spatial, visual, and verbal functions. 5, 6, 11, 12, 16, 18, 21, 23, 24, 30, 36, 39 The transinsular approach has been used for selective amygdalohippocampectomy. 27, 36, 39 In this approach, resection of the temporal neocortex is avoided and brain retraction is kept to a minimum. 27, 36 The transinsular approach is also used for hippocampal transection, 25 which could be an effective procedure for seizure control and preservation of verbal memory in patients with left mesial temporal lobe epilepsy. In addition, after entering the temporal horn via a transinsular approach, by opening the temporal portion of the choroidal fissure one can reach the posterior crural, ambient, and proximal quadrigeminal cisterns. 28 The transinsular-transchoroidal approach can be expanded for large lesions extending to the perimesencephalic cisterns, by resecting the anterior two thirds of the hippocampus and adjacent parahippocampal gyrus. 38 This approach may also be combined with the pretemporal approach for a more extended exposure of the crural, interpeduncular, and prepontine cisterns. 28 Compared with the lateral subtemporal approach, the transinsular approach could not only avoid excessive temporal lobe retraction and corticectomy of the temporal lobe 27, 39 but also the anterior drainage of the vein of Labbé and other bridging veins of temporal lobe. 33 The transinsular approach, however, requires an incision of the inferior limiting sulcus. In this procedure, the uncinate fascicle, inferior occipitofrontal fasciculus, anterior commissure, and a part of the optic radiations can be interrupted to various degrees.
Discussion
For the transinsular approach, passing through a triangular area located between the Meyer loop and the optic tract with the apex at the lateral geniculate body is proposed as a relatively safe route for preserving optic pathways to the anteromesial temporal lobe structures. 2 However, it is difficult to define the optic radiations and lateral geniculate body during surgery. Computer-assisted neuronavigation increases the accuracy of the transsylvian exposure for amygdalohippocampectomy and minimizes cortical damage and vessel trauma. 34 However, it does not directly show the thin optic radiations.
Diffusion tensor imaging is a quantitative form of diffusion-weighted imaging and is created based on similarities between neighboring voxels in the shape and orientation of the diffusion ellipsoid. However, it shows only major trajectories and allows the delineation of large white matter tracts. 17, 19 Diffusion tensor tractography, based on line propagation, is a promising and widely used modality. It can provide detailed delineation of in vivo white matter pathways in a 3D space based on rates of microscopic water diffusion. 13, 20 When using DT imaging during neurosurgical procedures, it is of critical importance to construct and interpret the normal white matter tract maps based on the detailed knowledge of anatomy. The temporal stem is a complex and compact white matter structure. However, although its main fiber tracts are larger, their origin, course, and termination are significantly different and only compact in the temporal stem. Thus, these fiber tracts can be reconstructed by using the origin and termination areas. In the present study, we used a multiple-ROI approach to exploit existing anatomical knowledge of tract trajectories. This method has low sensitivity to the ROI size and location and is highly beneficial for reproducible reconstruction of prominent white matter tracts with known trajectories. 35 This 2-ROI method is relatively easy, and there is no variability that will bias the fiber tracking results. 35 In addition, we visualized the entire temporal stem by using a single ROI. The temporal stem is adjacent to the sylvian fissure and lateral ventricle and because it has a clear demarcation from surrounding structures, it can be easily depicted. The method of combining a simple 1-ROI and multiple-ROI approach could increase the validity of DT imaging-based tractography over any simple method. 35 Diffusion tensor imaging offers a more controlled way of examining brain structures than studying cadaveric brain specimens. On the workstation, we can repeatedly recon-struct and observe the 3D anatomy of the temporal stem from various angles and directions. Diffusion tensor imaging provided a supplementary modality for the study of neuroanatomy. One of the most important limitations of the DTT technique is that specificity may be lost for tracts that run parallel to (or are merged with) one another. Anatomical features of the optic radiation fibers may have had some effect on the results of DT fiber tractography in this study. In addition, space limitations preclude a comprehensive review of all tracts potentially visualized with DT imaging-some tracts are occasionally, but not consistently, identified on directional DT imaging color maps. If the de- Fig. 3 . Tractographic images of the temporal stem obtained using a simple 1-ROI approach (A-C and K) and a multiple-ROI approach (D-J and L). A: The temporal stem is the white matter bridge between the anterior temporal lobe, the thalamus, the brainstem, and the frontal lobe. B: The white matter tracts of the lateral aspect of the cerebral hemisphere are shown. The insular region is surrounded by the arcuate fasciculus, external capsule, and internal capsule, and the corona radiata fans out into the insular region. A bunch of fibers on the anterior extremity of the Heschl gyrus pass through the internal capsule. The intersection is the posteroinferior insular point. The double arrow represents the temporal stem on the inferior limiting sulcus. C: The main white matter tracts of the temporal stem are shown. The temporal stem begins at the limen insulae and ends at the posteroinferior insular point. D: The uncinate fasciculus courses from the temporal lobe, curves upward through the anterior temporal stem, and fans out into the frontal lobe. It can be divided into temporal, insular, and frontal segments. E: The inferior occipitofrontal fasciculus connects the occipital and frontal lobes via the temporal lobe. F: Three bundles of the optic radiation are seen. The anterior bundle passes forward in the roof of the temporal horn, turns backward forming the Meyer loop, and proceeds posteriorly along the roof and lateral surface of the temporal horn; the middle fibers course laterally above the roof of the temporal horn and turn posteriorly; and the posterior fibers course directly backward. G: The anterior commissure forms a compact and ropelike structure at the midline and extending to the temporal stem, which is shaped somewhat like the handlebars of a bicycle. Its anterior fibers connect the olfactory structures; its posterior fibers connect the middle and inferior temporal gyri. H: The inferior thalamic peduncle curves around the medial edge of the internal capsule, inferior and parallel to the anterior commissure. Medially, its fibers turn sharply to reach the medial thalamic nucleus and the hypothalamus. I: The optic tract passes laterally to reach the lateral geniculate body. The optic radiation passes laterally from the lateral geniculate body, courses in the roof of the temporal horn along the temporal stem, and wraps around the lateral ventricle to reach the calcarine sulcus on the medial aspect of the occipital lobe. The Meyer loop follows a curved anterior course to the tip of the temporal horn and turns backward along the roof of the temporal horn. J: The white matter tracts of the lateral aspect of the cerebral hemisphere show the relationship between the auditory radiation and the temporal stem. The auditory radiation turns at the posteroinferior insular point into the Heschl gyrus. The optic radiation is located below the posteroinferior insular point, which does not again participate in the posterior part of the inferior limiting sulcus. Some fibers of the anterior commissure merge with the uncinate fasciculus at the temporal pole. The inferior occipitofrontal fasciculus is bundled together with the middle portion of the uncinate fasciculus and then joins the anterior commissure, the inferior longitudinal fasciculus, and portions of the optic radiation to form the stratum sagittal. K: The anterior margin of the limen insulae is the anterior limit of the temporal stem, and the posteroinferior insular point is its posterior limit. L: The auditory radiation, generated from the medial geniculate body, turns at the posteroinferior insular point into the Heschl gyrus. White indicates the uncinate fasciculus; blue, the inferior occipitofrontal fasciculus; red, the anterior commissure and inferior thalamic peduncle; green, the optic radiation; and purple, the auditory radiation. lineated ROI is smaller than the actual range, it may result in incomplete reconstruction of the fiber tract.
The auditory radiation fibers are directed from the medial geniculate body through the posterior limb of the internal capsule to the auditory area in the Heschl gyrus and the adjacent parts of the superior temporal gyri. 23 The auditory and optic radiations intersect at the "posteroinferior insular point," which may be regarded as the posterior limit of the optic radiations on the inferior limiting sulcus. This point also divides the inferior limiting sulcus into anterior and posterior portions. In fact, the anterior part is the temporal stem. The distance from the limen insulae to the anterior tip of the temporal horn is just one third of the distance from the limen insulae to the posteroinferior insular point. Because the limen insulae is the inherent anterior extremity of the inferior limiting sulcus, the temporal stem begins at the limen insulae and ends at the posteroinferior insular point on the inferior limiting sulcus. These landmarks can be much more easily identified on conventional MR imaging and during surgery.
The temporal stem is a thin band of white matter that forms a bridge between the inferior limiting sulcus of the insula and the roof of the temporal horn. It is commonly believed that the temporal stem contains the anterior commissure, uncinate fasciculus, inferior occipitofrontal fasciculus, Meyer loop of the optic radiations, and inferior thalamic fibers. The lateral geniculate body posteriorly is the posterior limit of the temporal stem. 5, 16 In fact, the 3 bundles of the optic radiation pass laterally from the lateral geniculate body and course in the deep white matter of the inferior limiting sulcus to cover the superior and lateral wall of the temporal horn to reach the calcarine sulcus. 26 On the inferior limiting sulcus, the posterior limit of the optic radiation is the posteroinferior insular point. We suggest that the temporal stem should contain the entire optic radiation and not merely the Meyer loop, so as to easily identify the posterior limit of the optic radiation.
Obvious interindividual differences in the size and shape of the temporal stem have been noted in our study, but the essential configuration of the temporal stem is similar between individuals. On the inferior limiting sulcus, the distance from the limen insulae to the posteroinferior insular point is the length of the temporal stem. The distance from the inferior limiting sulcus to the temporal horn approximates the thickness of the temporal stem. The uncinate fasciculus comprises the core of the anterior temporal stem, behind which the anterior commissure and the inferior thalamic peduncle are located, and they occupy the anterior one third of the temporal stem. The inferior occipitofrontal fasciculus passes through the entire temporal stem. The most anterior extent of the Meyer loop is located behind the anterior commissure and between the anterior tip of the temporal horn and the limen insulae. Most of the optic radiations cross the postmedian two thirds of the temporal stem. In addition, the fiber tracts of the temporal stem were found to merge extensively with each other.
The shorter the incision, the better one can preserve the temporal stems. 21, 36, 39 The size and shape of the temporal stem are considerably different from individual to individual. In cases in which the temporal stem is the longest and thinnest, access to the temporal horn will be the easiest and damage to the temporal stem will be the most minimal. Therefore, the preoperative MR imaging, DT imaging, and intraoperative neuronavigation will be helpful to adjust the differences in individual cases.
Conclusions
The method that combines a simple 1-ROI and multiple-ROI approach can identify the fiber tracts of the temporal stem. On the inferior limiting sulcus, the posteroinferior insular point is a reliable landmark of the posterior limit of the optic radiations. The limen insulae, anterior tip of the temporal horn, and posteroinferior insular point may be used to localize the temporal stem on MR imaging or during surgery.
